In the visual system of Siamese cats, the lateral geniculate nucleus (LGN) receives an abnormally large projection from the contralateral eye and a correspondingly reduced projection from the ipsilateral eye. In order to determine how this abnormal pattern of retinal input arises, the prenatal
In the visual system of Siamese cats, the lateral geniculate nucleus (LGN) receives an abnormally large projection from the contralateral eye and a correspondingly reduced projection from the ipsilateral eye. In order to determine how this abnormal pattern of retinal input arises, the prenatal development of the retinogeniculate projection was studied in Siamese cats using the anterograde transport of intraocularly injected
[3H]leucine and horseradish peroxidase. Labeled axons from the ipsilateral eye can be detected in the optic tract by embryonic day 30 (E30; gestation is 65 days), several days later than found in normally pigmented animals. The ipsilateral projection is not only apparently delayed but also is reduced in size as compared with normal animals, and this reduction persists throughout development, indicating that the Siamese mutation acts to misdirect growing optic axons to the contralateral side of the brain as originally proposed (Guillery, Ft. W. (1969) Brain Res. 74: 739-741) .
The effect of an altered retinal projection on the ingrowth and segregation of retinal fibers to the LGN was also examined. In Siamese fetuses, not until E41 can significant label be seen within the ipsilateral
LGN as compared to E35 in normally pigmented fetuses. As in normal animals, in Siamese fetuses, also, the labeled retinogeniculate afferents from the two eyes initially overlap within regions of the LGN before segregating into layers. However, measurements of the area occupied by labeled afferents from the ipsilateral and contralateral eyes indicate that maximum overlap of the two sets of afferents, although close to normal in amount, does not occur until about ESl-again several days later than in normally pigmented animals (E47). The time course of segregation is also altered in Siamese cats. The onset of segregation, as signaled by the removal of contralateral eye afferents from territory destined for the ipsilateral eye and by the restriction of ipsilateral eye afferents, does not occur until about E51 in Siamese cats as compared with E47 in normally pigmented animals. Despite this delay in onset, the final segregation of the two sets of afferents in Siamese cats reaches adult-like levels at about the normal time. Thus, the misrouting of axons at the optic chiasm in Siamese cats not only alters the final pattern of innervation from the two eyes within the LGN, but also delays the onset and shortens the total duration of segregation itself.
Little is known about the developmental mechanisms that give rise to the laterality of retinal ganglion cell projections. Genetic mutations affecting the nervous system provide insight into some of the mechanisms underlying normal development (for review see Stent, 1981) . For example, mutations at several genetic loci that produce a congenital lack or reduction in ocular melanin are found in association with an abnormal optic projection in a number of different mammalian species (Lund, 1965; Guillery, 1969 Guillery, , 1971 Guillery and Kaas, 1971; Guillery et al., 1973 Guillery et al., , 1975 Guillery et al., , 1979 Guillery et al., , 1984 Creel and Giolli, 1972; Sanderson et al., 1974; LaVail et al., 1978) . One of the best studied examples is the retinogeniculate projection of adult Siamese cats in which an allele at the albino locus results in an abnormally large crossed and correspondingly reduced uncrossed projection (Guillery, 1969; Guillery and Kaas, 1971; Shatz, 1977; Cooper and Pettigrew, 1979b; Leventhal, 1982; Murakami et al., 1982) . In normal adult cats the retinal ganglion cells within each eye are sharply divided into two halves by virtue of their axonal projection to the LGN (Cooper and Pettigrew, 1979a; llling and Wassle, 1981) . As shown in Figure 1 A, the axons from retinal ganglion cells in the nasal half of each eye cross in the optic chiasm and terminate in layers A, C, and C2 of the contralateral LGN. Axons from retinal ganglion cells in the temporal half of each eye do not cross but project instead to the ipsilateral LGN where they terminate in the alternate Al and Cl layers (Guillery, 1970; Hickey and Guillery, 1974) .
In contrast, the nasotemporal division in adult Siamese cats is abnormal, as shown in Figure 1 B (Kaas and Guillery, 1973; Kirk, 1976; Stone et al., 1978a, b; Cooper and Pettigrew, 1979b; Leventhal, 1982; Murakami et al., 1982) . The contralateral projection to the LGN consists of axons from retinal ganglion cells in the nasal retina, as usual, plus an abnormal component from the temporal retina which projects to portions of layer Al (abA1, the abnormal segment of layer Al) and layer Cl. A reduced number of the remaining retinal ganglion cells in the temporal half of the retina send axons to the ipsilateral LGN, where they are confined to several small patches in layer Al (mnA1, medial normal segment of Al ; InAl, lateral normal segment of Al) and in layer Cl (see Guillery, 1969, for nomenclature) . In order to understand how the abnormal retinogeniculate projection arises in Siamese cats, we have examined and compared the time course and pattern of development of this pathway with that occurring in normally pigmented animals. In an initial study (Shatz and Kliot, 1982) we found that the size of the ipsilateral projection Vol. 5, No. 10, Oct. 1985 B SIAMESE Figure 7 . A schematic diagram to illustrate the retinogeniculate projection in normally pigmented (A) and Siamese (B) adult cats. Only the projection from the left eye is shown for simplicity. A, Normally, axons from retinal ganglion cells in the nasal half of each retina (batched area labeled N) cross at the chiasm and project to layers A, C, and C2 of the contralateral
LGN. Those in the temporal half (black area labeled 7) project ipsilaterally to the Al and Cl layers. B, In the Siamese cat, the LGN receives an abnormally large projection from the contralateral retina (right LGN: hatched area), consisting of additional fibers from the temporal retina (hatched area) that innervate portions of layers Al (abA7: the abnormal segment of layer Al) and Cl. There is a correspondingly reduced projection from the ipsilateral retina (left LGN: black areas) that terminates in several small patches medially (mnA7: the medial normal segment of Al) and laterally (InAl: the lateral normal segment of Al) in layer Al and in layer Cl. was reduced withrn the optic tract and LGN throughout development, suggesting that the Siamese mutation indeed acts to misdirect growrng retinal ganglion cell axons at the optic chiasm. Here, we are especially interested in the effect that this altered retinal projection has on the pattern of ingrowth and time course of segregation of retinal afferents from the two eyes within the LGN. The results indicate that the time of arrival and balance of input from the two eyes to the LGN can influence these processes.
Materials and Methods
In the present report a total of 29 Sramese cats were studied: 21 fetuses of known gestatronal age, 7 newborns, and 1 adult. These results are compared to those from a prevrous study (Shatz, 1983) rnvolvrng 64 normal fetuses, 9 normal newborns, and 1 normal adult cat. Fetuses were obtarned from our own pure-bred Siamese colony. Mature Siamese females found to be in estrus were mated with an experienced Siamese male for 24 to 48 hr. The actual gestatronal age of a fetus may therefore vary by as much as 48 hr. The first day of breeding was arbitrarily designated as embryonic day 0 (EO) and birth was designated as postnatal day 0 (PO). (The average gestation period IS 65 days.) The crown-rump length of each fetus was routinely measured and compared with normally prgmented animals of the same gestational age, as shown in Figure 2 . at least grossly, the development of the Stamese fetuses studied here (Fig. 2, black dots) is similar to that of normals (Fig. 2, sol/d he) .
In order to make eye injections, the fetal surgery techniques of Rakrc (1976) modified for the cat (Shatz, 1983) were used. Pregnant females were pre-anesthetized with a mixture of ketamrne (20 mg/kg) and acepromazine (0.2 mg/kg) followed by an Intramuscular injectron of atroprne sulfate (0.5 mg/kg). Cats were then rntubated and anesthesia was marntarned with a mixture of halothane (0.5 to 1 .O%) with nitrous oxide and oxygen rn a 1:2 ratio. Shatz (1983) . Note that the crown-rump lengths of Siamese fetuses studied here are very similar to those of normally pigmented fetuses of the same age. buffer. The majority of fetal and newborn bralns were blocked for sectioning in the horizontal plane since this plane has been shown (Shatz, 1983) to best reveal the lamlnae in the developing
LGN. The adult brain was blocked in the standard coronal plane.
The brains of animals Injected with only [3H]leucine were frozen-sectioned at 20 pm following immersion in 4% paraformaldehyde, 20% sucrose. Those to be processed also for HRP histochemistry were rapidly embedded in gelatin albumin and 50.brn sectlons were cut on a Vibratome.
A series of alternate sections was then reacted using the tetramethylbenzidine protocol of Mesulam (1976) modified slightly to reduce tissue shrinkage (Shatz, 1983) . Finally, sections were counterstained rapidly with neutral red. Autoradiography was performed on a separate series of sections that were dipped in Kodak NTB-2 emulsion, exposed for 1 to 3 weeks, and developed in Kodak D19. These sections were lightly counterstained with cresyl violet. Changes in the pattern of the retinogeniculate projection during initial Ingrowth. overlap, and subsequent segregation within the LGN were represented graphically by measuring the percentage of LGN area occupied by either radioactive label or HRP reaction product that was measured in a series of horizontal sections (about six per animal) (coronal in the adult), taken through the central two-thirds of the nucleus. Measurements were not made at the two poles of the LGN because the plane of section is not perpendicular to the plane of the (future) layers, making measurements difficult (see also Shatz, 1983) . Measurements of area were made using a digitizing pad connected to an Apple computer. The percentage of ipsilateral and contralateral
LGN containing either radioactlve label or HRP (but not both) was calculated: the total area of the nucleus containing label was divided by the total cross-sectional area of the nucleus. In addition, the percentage of overlap, reflecting the amount of nucleus shared by the afferents from both eyes, was calculated:
% overlap = (% of ipsilateral label + % of contralateral label) -100%. The histological borders of the nucleus were drawn in brightfield optics using a camera lucida attachment.
(In animals E41 and younger the medial border of the nucleus IS ill-defined and was therefore taken to cotncide with the medial border of label in the contralateral LGN; see Shatz, 1983 , for further lustification.)
At every age, camera lucida drawings of labeled portions of each nucleus were made using darkfield illumination.
On the side ipsilateral to an eye injection all labeled regions judged to be above background were included. On the contralateral side labeled afferents Wially occupy the entire extent of the LGN. As soon as regions with reduced density of grains could be identified they were excluded from the portion considered to be labeled. The use of slightly different criteria for the analysis of labeling on the two sides was intentional and, if anything, tended to minimize diffe-ences in the time course of segregation for normal and Siamese cats.
Results
Retinogeniculate projection in Siamese cats at birth. By birth the retinogeniculate projection in Siamese cats closely resembles that seen in the adult. This is shown in Figure 3 , which is composed of darkfield autoradiographs
showing the pattern of label at four different levels through the LGN of a postnatal day 2 (P2) Siamese cat.
As shown in Figure 3 , /3 and C, labeled fibers extend throughout most of the contralateral LGN, including a portion of the Al layers (abAl), but is excluded from several small patches which are labeled on the ipsilateral side and correspond to the medial (mnA1) and lateral (InAl) normal segments of Al as well as portions of Cl. Both the medial and lateral normal segments are prominent in the midportion of the LGN (Fig. 3 , B and C). They fuse to form a single labeled region in the ventral portion of the LGN (Fig. 3A) , and only the lateral normal segment extends into the dorsal portion of the LGN (Fig. 30) . If one takes into account the postnatal 90" rotation of the LGN which occurs in the sagittal plane and shifts the ventral pole anterior and the dorsal pole posterior (Kalil, 1978) , then the pattern of labeling through the LGN is virtually identical to that found in the adult Siamese cat (see Fig. 7 in Shatz, 1977 , for comparison with adult).
At birth the labeled retinal afferents are largely excluded from the interlaminar zone that separates layer A from the lateral portion of layer Al (abA1, Fig. 3 , B and C). In cresyl violet-stained sections this interlaminar zone can be found to be relatively cell free as shown in Figure 4A . The extent of this zone differs from that found in normally pigmented newborn and adult cats in that it does not extend as far medially as the border between the LGN and the medial interlaminar nucleus (see Fig. 7B in Shatz, 1983 , for comparison with normal newborn). This is because the medial portions of layers A and Al ( Fig. 4A to the right of arrows) remain fused, a characteristic feature of the projection seen in many "Boston" Siamese cats and one that often distinguishes it from the Midwestern variety (Kaas and Guillery, 1973; Shatz, 1977) . Earlier, at E59, an interlaminar zone is not obvious in the Siamese fetus ( Fig. 4B ) even though it could be seen in the E60 normal fetus (Shatz, 1983, Fig. 9) . At even earlier stages of development (Fig. 4 , C and D) the nucleus is histologically indistinguishable from that seen in normal fetuses of the same age (Shatz, 1983) . Thus, the abnormal pattern of cellular lamination found in adult Siamese cats is not evident until close to the completion of the abnormal pattern of retinogeniculate afferent segregation. Furthermore, since the retinogeniculate projection is adult-like at birth, it was necessary to perform the prenatal study described below. Early development of the optic projection in normal and Siamese fetuses. In a previous study (Shatz and Kliot, 1982) we found that in Siamese fetuses the ipsilateral projection is reduced within the optic tract even before the first retinal afferents reach the vicinity of the developing LGN. Here we show further that there is also an apparent delay in the growth of ipsilateral fibers. Figure 5 shows camera lucida drawings of horizontal sections through the brains of very young normal and Siamese fetuses to illustrate the location of anterogradely transported label within the optic tracts (Fig. 5, arrows) following eye injections: the distance (dorsalward) of each section from the optic chiasm is written beneath each drawing. In an E30 normal fetus, labeled retinal fibers can be detected by our methods as far as the anlage of the LGN on both sides (Fig. 5, E30N -2.2 mm from the chiasm). In a Siamese fetus of the same age, however, labeled ipsilateral retinal fibers can be detected only as far as a point midway between the optic chiasm and LGN anlage (Fig. 5 , E30S-1.2 mm) despite the presence of a contralateral projection that extends as far as that found in the E30 normal fetus (Fig. 5, E30S -2.2 mm). One day later, ipsilateral fibers can be found further dorsally (Fig. 5 , E37S-1.8 mm), but label is still short of the LGN anlage even though the contralateral projection has further increased there (Fig. 5, mm). Thus, in Siamese fetuses not only is the early ipsilateral projection reduced in quantity, but it is apparently also delayed in its arrival at, and subsequent invasion of, the LGN.
The size of the ipsilateral projection is reduced within the optic tract throughout development, even after the afferents have invaded the LGN as shown in Figure 6 . Here, the amount of label in the optic tracts of normal and Siamese cats following eye injections at several different ages is compared in a series of autoradiographs.
At each embryonic age the amount of label in the ipsilateral tract of Siamese fetuses is markedly reduced as compared to similarly aged normal Fig. 1 ).
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(Brightfield optics were used here to better illustrate this difference. In fact, label can be seen in the ipsilateral optic tract of the Siamese animals with darkfield optics.) Nevertheless, an equivalent amount of label is present in the contralateral tract in both varieties of cat. These findings support the hypothesis that the abnormal optic projection in Siamese cats arises from the misrouting of growing fibers at the optic chiasm.
lngrowth and segregation of retinogeniculate afferents in Siamese cats. The chiasmatic misrouting of retinal fibers that occurs in Siamese fetuses provides the opportunity to study how a diminished ipsilateral and augmented contralateral retinal input to the LGN affects the pattern of afferent ingrowth and segregation. The pattern of growth of retinal afferents into the LGN of Siamese fetuses is shown in Figures  7 and 8. At E32 (Fig. 7A) an extremely faint ipsilateral projection can be detected in the optic tract adjacent to the LGN anlage (see Fig. 11 in Shatz, 1983 , for comparison with E32 normal). The ipsilateral projection increases progressively and, by E41, retinal fibers have penetrated the posterior pole of the nucleus (Fig. 70, arrow) . By analogy with the normal adult and fetal LGN (Shatz, 1983) this portion of the nucleus is likely to receive retinal input from the central part of the retina, where ganglion cells are first generated (Kliot and Shatz, 1982; Walsh et al., 1983) . Throughout this period, the contralateral projection is always more extensive than the ipsilateral one. For example, at E32 (Fig. 7A) , afferents from the contralateral eye are found not only in the optic tract, but also within a thin band in the nucleus proper. At later ages there is a progressive increase in the size of the contralateral projection until, by E41, the entire LGN is filled. At later fetal ages (E46 to E59) the ipsilateral projection becomes more substantial, as shown in Figure 8 . However, unlike the contralateral projection, it never fills the entire LGN. Rather, ipsilateral label is always nonuniform and eventually becomes restricted to several densely labeled patches (Fig. 8, C and D) . Concurrent with this restriction in the extent of the ipsilateral projection is the appearance of gaps in which label is reduced on the contralateral side in corresponding regions of the LGN. The gaps are first evident by E51 (Fig. 8C ) and become more pronounced by E59 (Fig. 80) .
To illustrate in greater detail the sequence of segregation of the ipsilateral projection, camera lucida drawings were made of the pattern of label seen in horizontal sections taken at four different levels through the LGN at E46, E48, E51, and E59 as shown in Figure 9 . Black shading represents densely labeled and gray stippling represents more lightly labeled regions within the LGN. From the drawings it can be seen that at E46 dense ipsilateral label is present anterolaterally in only the two ventralmost sections of the nucleus. At E48 the rpsilateral projection has increased in extent and IS still most densely labeled in what now resembles the lateral normal segment of future layer Al. This region of dense label now extends into the two dorsalmost sections. At E51 the ipsilateral projection occupies an even greater proportion of the nucleus and now two densely labeled regions can be seen throughout the dorsoventral extent of the nucleus: one is medial and the other is lateral. These correspond to the future medial and lateral normal segments of layer Al. A region of dense label can also be seen close to the optic tract In the ipsilateral LGN and probably is future layer Cl. By E59 the ipsilateral projection is restricted to several heavily labeled regions that clearly resemble the medial and lateral normal segments of Al, as well as portions of layer Cl. In addition, the sparse label found in Intervening regions at E51 is no longer present. Thus, as early as E46 ipsilateral retinal fibers demonstrate directed ingrowth into the LGN as shown by the dense labeling of only certain portions of future layer Al. During the next 2 weeks, an initially diffuse and patchy ipsllateral projection becomes concentrated into several densely labeled regions, while gaps begin to appear on the contralateral side. These observations indicate that the adult pattern of innervation is achieved both by the directed ingrowth and subsequent segregation of retinal afferents.
To examine the process of segregation in more detail, the percentages of LGN area occupied by labeled fibers ipsilateral and contralateral to eye injections at different ages were determined as described under "Materials and Methods." The results are illustrated in Figure IO . The continuous lines are the results of this study on the Siamese cat. The dashed lines represent the averaged results from a previous study (Shatz, 1983) of development in normally pigmented cat fetuses. As shown in Figure IO , in Siamese fetuses the area occupied by the ipsilateral afferents increases gradually to reach a maximum by E51. This increase is followed by a rapid decline as the ipsilateral projection becomes restricted to the distinct patches seen by E59 (cf. Figs. 80 and 9 ). The decline on the ipsilateral side is accompanied by a decrease in the area occupied by contralateral afferents that is due to the appearance of gaps in the contralateral labeling pattern at E51 (Fig. 8C) . When the Siamese results of Figure 10 are compared with those of normally pigmented animals, a number of significant differences become evident. First, there is an apparent delay and more gradual rate of ingrowth of the ipsilateral projection into the LGN of Siamese versus normal fetuses. For example, at E41 only 6% of the ipsilateral nucleus is labeled in Siamese fetuses compared to 35% at E40 in normal fetuses. In fact, at every age the percentage of ipsilateral label is always less in Siamese than in normal fetuses. The percent-E 30N Figure 5 . A series of camera lucida drawings of autoradiographs to compare the extent of radioactive label present within the optic tracts (arrows) of very young normal (E30N) and Siamese (E30.S and E37.S) fetuses, ipsilateral (ipsi.) and contralateral (contra) to an eye injection. Black shading represents densely labeled and stippling, more lightly labeled regions. The distance of each horizontal section dorsal to the optic chiasm is written beneath each drawing. Sectrons in the bottom row are at the level of the anlage of the LGN. 111, third ventricle; IC, internal capsule. Note that in the Siamese fetuses, the ipsilateral projection is reduced rn amount and does not extend as far dorsally as in the normally pigmented fetus.
age of the LGN occupied by ipsilateral label reaches a maximum for normal animals on E47, with an average value of 48% (range, 44 to 55%). In contrast, in Siamese fetuses the percentage of label within the ipsilateral LGN reaches a peak later, on E51. Despite this delay, the average value of 40% (range, 38 to 42%) is rather similar to that seen in normals. However, the subsequent reduction that occurs in the area occupied by the ipsilateral projection is more rapid and extensive in Siamese than in normal animals. Thus, by E59, only 5% of the LGN is occupied by ipsilateral afferents in Siamese cats, whereas in normal animals about 40% of the nucleus remains occupied. At birth, ipsilateral afferents occupy roughly 6% of the nucleus in Siamese cats as compared to 32% in normal animals, but in both varieties these percentages are close to their respective adult values (see Shatz, 1977, Table I; Shatz, 1983; Cooper and Pettigrew, 1979b) . Figure 10 also illustrates that the development of the contralateral projection differs in Siamese and normally pigmented animals. For example, in Siamese fetuses, the percentage of LGN area occupied by the contralateral projection does not begin to decrease until E51 -about 4 days later than in normal fetuses, and values thereafter never fall to normal adult levels (86% in adult Siamese cats versus 60% in normal adults).
The above results indicate that the time course of the process of segregation of retinogeniculate afferents from the two eyes differs in Siamese and normal fetuses. This process is described and compared more directly by plotting the percentage of LGN area shared by retinal afferents from both eyes (percentage of overlap) against gestational age, as shown in Figure 11 , To do this, the percentage of overlap was calculated by adding together the percentage of areas occupied by ipsilateral and contralateral label as determined for each animal in Figure 10 and then subtracting 100%. As shown in Figure 11 , the period of time during which the two sets of afferents overlap each other is significantly different: it is reduced in Siamese cats. Nevertheless, it is noteworthy that the peak percentage of overlap does not differ significantly between the two varieties: for Siamese fetuses it is 40 + 3% at E51, whereas for normals it is 33 + 15% (Shatz, 1983) at E47. Finally, Figure 11 shows that overlap values in Siamese cats never fall to the negative values found in normally pigmented adult animals but rather remain near 0% from birth onward. This difference is due to the abnormal laminar organization of the Siamese LGN. In normal postnatal animals, the interlaminar zones separating adjacent LGN layers from each other account for about 10% of the cross-sectional area of the nucleus but do not receive input from the retina; hence, the negative values (see Shatz, 1983 ). The same is true of Siamese cats, the difference being that the interlaminar zones are greatly reduced due to the persistent fusions between the medial portions of layers A and Al (Kaas and Guillery, 1973; Shatz, 1977) . Thus, this analysis has revealed that not only the pattern but also the time course of segregation of retinal afferents within the LGN is abnormal in Siamese cats.
Discussion
This study has shown that the genetic mutation present in Siamese cats misdirects growing retinal ganglion ceil axons at the optic chiasm during fetal development. As a consequence, the proportion of crossed and uncrossed optic fibers IS altered, giving rise to abnormalities both in the timing and the pattern of ingrowth and segregatton wrthin the LGN that can be distinguished from that found in normally pigmented animals throughout development. These observations suggest that the major effect of the genetic mutation is expressed at or before the level of the optic chiasm, as originally suggested by Gutllery (1969) and that the alterations seen at the level of the LGN are a result of the consequent expanded contralateral and reduced and delayed ipsilateral input. Chiasmatic misrouting of retinal fibers. A reduced ipsilateral projection IS found throughout development in Siamese cats and therefore cannot be due only to a delay in the growth of the ipsilateral fibers. Rather, we believe that the reduction is due to the misrouting of axons at the optic chiasm. A similar persistent reduction in the size of the ipsilateral projection has also been observed in the developing albino ferret (Cucchiaro and Guillety, 1984) . In contrast, however, is the finding in albino rats that a diminished ipsilateral projection emerges only secondarily following an elimination of axons that occurs after they have reached their targets (Land et al., 1981) . Such a difference between species may reflect differences in the action of the mutant gene. Alternatively, it may reflect significant differences in the mechanisms underlying normal development. In both normal and albino rats numerous ectopic retinal ganglion cells initially project ipsilaterally and are subsequently eliminated (Land et al., 1981) . In cats, however, the pattern of ganglion cell decussation is adult-like, at least as early as E44 (Lia et al., 1983) . Thus, the large and precise ipsilateral projection found normally in higher mammals such as the cat, but not in rodents, may arise as a consequence of the greater degree of directed growth of axons during early development.
The initial events associated with the chiasmatic misrouting of ganglion cell axons are currently unknown; moreover, this study cannot contribute directly here because the youngest fetuses included were E30, several days after the first axons are known to reach the chiasm (J. Silver, M. Kliot, and C. J. Shatz, manuscript in preparation). For instance, it is not yet known whether the number Vol. 5, No. 10, Oct. 1985 f/gure 7. Darkfield autoradlographs of horizontal sectlons through the mIdportIon of the LGN to show in greater detarl the pattern of ingrowth of labeled retinal afferents rpsrlateral (rps~.) and contralateral (contra.) to an eye injection in Siamese fetuses of progressrvely older embryonic (E) ages. The ca/brat/on bar (0.3 mm) applies to all ages. A, anterior P, posterior. Note that, at E32, rpsrlateral label IS largely confined to the optrc tract, and It IS not until E41 (D) that a srgnrfrcant rpsrlateral projection IS present within the posterror pole (arrow) of the LGN. of axons emerging from the retinae of normal and Siamese fetuses at these early stages of development is different. It is also possible that the time of arrival of retinal ganglion cell axons at the optic chiasm is an important determinant of their laterality. Consistent with this timing hypothesis is the observation in a number of different normally pigmented mammalian species that the uncrossed projection reaches the LGN at least one day later than the crossed projection (Lund and Bunt, 1976; So et al., 1978; Land and Lund, 1979; Linden et al., 1981; Shatz, 1983) . In Siamese fetuses this delay in arrival of the ipsilateral fibers at the LGN appears to be even longer, by about 2 days (see Fig. 5 ). (However, Cucchiaro and Guillery (1984) found no difference in the time of arrival of ipsilateral retinal afferents at the LGN in albino and pigmented ferrets.) As mentioned by an apparent delay may simply be due to limitations in the techniques employed: for example, it might not be possible to detect at the light microscope level a faint amount of ipsilateral label actually present earlier on as the first fibers grow out. Nevertheless, the /eve/ of detectability should remain the same in normal and albino animals if the same anterograde tracing methods are used, assuming that ipsilaterally projecting fibers in the mutant behave similarly with respect to uptake and transport of the tracers. If so, then, although the first fibers may not be detectable (either.in normally pigmented or in Siamese cats using our methods), we can still assume that there is indeed a delay in the time it takes for a sufficient number of labeled fibers to reach detectable levels within the LGN of Siamese relative to normally pigmented cats. Unfortunately, however, without electron microscopic studies it is currently impossible to distinguish between a true delay in time of arrival of the ipsilateral projection at the LGN and an apparent delay which is due to the fact that axons actually arrive at the normal time but cannot be detected due to methodological limitations.
The apparent delay seen here is also to be expected assuming the abnormalrty present in the adult Siamese retina is initrally expressed during fetal life: in adults, there is a temporalward displacement of the decussation line that separates retinal ganglion cells projecting contralaterally from those projecting ipsilaterally (Kirk, 1976; Stone et al., 1978a, b; Cooper and Pettigrew, 1979a, b; Leventhal, 1982; Murakami et al., 1982) . Since both the genesis of retinal ganglion cells (Kliot and Shatz, 1982; Walsh et al., 1983) and the outgrowth of their axons (Silver and Sidman, 1980) proceed in a rough center-to-peripheral fashion, such a displacement of the decussation line away from the optic nerve head would be expected to delay the time at which a detectable number of retinal ganglion cell axons arrive at the ipsilateral LGN of Siamese fetuses, and this is exactly what we have observed.
Another possibility is that pigment may play a role in determining the laterality of retinal ganglion cell axons. It has long been known that an abnormal retinofugal projection is frequently associated with a reduction in adult levels of melanin within the retinal pigment epithelium in many mammalian species (Sanderson et al., 1974; Grolli and Creel, 1974; Creel and Giolli, 1972, 1976; Creel et al., 1978 Creel et al., , 1982 LaVail et al., 1978; Guillery et al., 1979; Drager and Olsen, 1980; Thibios et al., 1980) . We have reported (Shatz and Klrot, 1982 ) that a reduction in pigment levels is present within the retina of Siamese cats throughout fetal development, suggesting that actual pigment levels may control the laterality of retinal ganglion Note the gradual increase in labeling of the medial and lateral normal segments of layer Al on the ipsilateral side, and the appearance of gaps in the corresponding regions on the contralateral side ceil axons. Consistent with this suggestion is the finding that within true albino cats, which have no retinal pigment at all, the ipsilateral projection is even more reduced than in Siamese cats (Creel et al., 1982) .
Pigment in the optic stalk rather than within the retina could also be the causative factor. This consideration arises from the observation in several different mammalian species (Oberdorfer et al., 1981; Silver and Sapiro, 1981; Strongin and Guillery, 1981) , including the cat (J. Silver, M. Kliot, and C. J. Shatz, manuscript in preparation) , that portions of the distal optic stalk normally become transiently pigmented just prior to the arrival of the first retinal fibers. Albinos of these species, including Siamese fetuses, lack this pigmented region and show an alteration in the position of the first retinal fibers that grow into the optic stalk. In agreement with this finding, Murakami et al. (1982) have shown that retinal fibers within the optic disc of adult normal and Siamese cats differ in their arrangement. It is therefore possible that the position of a retinal ganglion cell axon within the developing optic nerve is an important determinant of whether or not it will cross at the optic chiasm. The finding that there is some degree of order found in the developing optic nerve of mammals (Silver and Sldman, 1980; Bunt and Horder, 1983; Silver, 1984) lends support to this idea. lngrowth and segregation of retinogeniculate afferents. The development of the Siamese cat's retinogeniculate projection shows the same general sequence of ingrowth and segregation as that seen in normally pigmented animals: partial intermixing between the afferents from both eyes is followed by segregation into separate regions of the nucleus (Fig. 11) . However, based on our analysis, in Siamese fetuses ingrowth of the ipsilateral projection is both delayed and much more gradual than in normally pigmented fetuses, at least as indicated by the anterograde tracing methods used here: retinal afferents first invade the posterior pole of the ipsilateral LGN on E41 in Siamese fetuses as compared to E35 in normal fetuses (Fig. 10) . We believe that these differences are due to the existence of a true delay in the time of arrival of afferents at the LGN and to the diminution in number of afferents from the ipsilateral eye. Despite these differences, it is noteworthy that the peak percentage of LGN territory occupied by the ipsilateral projection in Siamese fetuses Kliot and Shatz Vol. 5, No. 10, Oct. 1985 2650 . A series of camera lucida drawings of horizontal sections taken at four different levels through the LGN in Siamese fetuses aged E46, E48, E51, and E59 to illustrate the change in the pattern of the ipsilateral projection.
The top section (A) in each column is the most dorsal one. Areas in black Indicate heavily labeled regions; lightly labeled regions are gray. Note the progressive appearance of densely labeled patches with a corresponding decline in labeling within intervening regrons at older ages, Some of the drawings here were made from the autoradiographs shown in Figure 8 : E46C is from Figure  8A , E48C is from Figure 88 ; (378 is from Figure 8C ; and E59C is from Figure 80 (40% at E51) approaches the value seen in normal fetuses (48% at E47). One explanation for this observation is that, even though the with the observation that the density of labeling is much patchier ipsilateral projection is diminished, individual axons arborize more than normal (Figs. 8C and animals. Values for normal animals are the average at each age taken from a previous study (Shatz, 1983 that, although there is a reduction in fiber number, many fibers may still project to their topographically appropriate sites at this age. If so, then the fetal projection may resemble that found in adult Siamese cats in which the ipsilateral retinogeniculate projection arises from a diminished number of retinal ganglion cells that are nevertheless distributed as in normal cats throughout the entire temporal half of the retina (Kirk, 1976; Cooper and Pettigrew, 1979a, b; llling and Wassle, 1981; Leventhal, 1982) .
The formation of the segregated pattern in Siamese cats involves several steps, the first of which is the appearance of a condensed patch of label in the lateral portion of future layer Al. In adult Siamese cats the lateral normal segment of Al receives input from the peripheral portion of the temporal retina (Guillery and Kaas, 1971) . This portion of the temporal retina is known to supply the highest percentage of retinal ganglion cells projecting ipsilaterally (Cooper and Pettigrew, 1979b, Fig. 14) . Thus, the high density of label seen in the future lateral normal segment of developing layer Al by E46 (Fig. 8A) suggests that the set of ipsilaterally projecting retinal ganglion cell axons may be topographically arranged by then. This suggestion is consistent with the observation that the majority of retinal ganglion cells throughout the retina are generated by E35 (Kliot and Shatz, 1982; Walsh et al., 1983) and, therefore, those from the peripheral retina would have had sufficient time to reach and grow into the LGN.
It is not until several days later, on E51, that the beginnings of the medial normal segment of layer Al are first signaled by the appearance of a dense zone of label in the medial portion of the LGN and the concurrent reduction in label in regions intervening between the lateral and medial normal segments (cf. Figs. 8 and 9 ). The appearance of the medial normal segment, as well as the lateral normal segment, may be due in part to the progressive growth and elaboration of axonal arborizations in a manner similar to that found to occur during normal development (Sretavan and Shatz, 1984 (Cooper and Pettigrew, 197913) and physiological (Guillery and Kaas, 1973) evidence that retinal ganglion cells throughout the entire temporal retina of adult Siamese cats project upon a reduced portion of the Al layer: the medial and lateral normal segments.
Displacement of axons or their terminals might also account for the loss of label from intervening regions that is almost complete by E59 (Figs. 8 and 9 ). Another possibility is that the reduction may be due to an actual elimination of axons that project to the intervening regions. This possibility is consistent with the observation that, during this developmental period in normal animals, a massive elimination of axons occurs within the optic nerve (Ng and Stone, 1982; . At present, we cannot distinguish between any of the alternatives outlined above and, in fact, we would expect all to contribute to some extent to the establishment of the adult pattern of projection.
The appearance of the lateral and medial normal segments on the ipsilateral side by E51 is correlated with the appearance of corresponding gaps on the contralateral side, signaling the onset of segregation. In contrast, the segregation of retinal afferents is first evident in normal fetuses at E47 (Shatz, 1983) , indicating that in Siamese fetuses the onset of segregation is delayed several days. This delay may arise as a consequence of the similar delay in the arrival and ingrowth of ipsilateral fibers. It may also indicate that a "critical density" of ipsilateral fibers must be achieved in order to trigger the segregation process. This suggestion is consistent, on the one hand, with the finding that prenatal enucleation blocks segregation of input from the remaining eye (Rakic, 1981; and, on the other hand, with the finding that segregation of eye input is produced in the presence of a supernumerary eye (Constantine-Paton and Law, 1978) . Not only is the pattern of retinal afferent ingrowth and segregation within the LGN abnormal, but also the establishment of cellular in Siamese (so/id circles and curve) and normal (so/id squares and dashed curve) animals. The overlap percentage was calculated by adding together the percentage of area occupied by ipsilateral and contralateral afferents (from Fig. 10) for each animal and then subtracting 100%. Negative overlap values indicate that portlons of the nucleus are free of input from both eyes. Values for normal animals are the average at each age from a previous study (Shatz, 1983) . Curves were drawn by eye. Note that the duration of overlap IS greatly reduced in Siamese cats but that the peak overlap value is similar to that found in normal animals. lamination at birth is disrupted in Siamese cats (Fig. 4) : the medial portions of the A and Al layers are never separated by an interlaminar zone. Prenatal enucleation experiments in both the cat and ferret (Guillery et al., 1985) have shown that cellular lamination is, at least in part, dependent on the segregation of retinal afferents within the LGN. The abnormal and delayed appearance of cellular lamination within the Siamese LGN may therefore be a consequence of the delayed and altered segregation of retinal afferents seen in Siamese development.
Relation to normal development. The results of this study allow us to propose a series of events that give rise to the abnormal pattern of the retinogeniculate projection seen in adult Siamese cats. We have shown that the albino gene acts at or before the level of the optic chiasm to misdirect growing retinal ganglion cell axons to the contralateral side. This misrouting leads to a delay in the arrival and ingrowth of ipsilateral retinal fibers to the LGN. Consequently, there is a delay in the segregation of retinal afferents and in the appearance of cellular lamination, both of which differ from the normal pattern throughout development.
This proposed sequence of events has a number of important implications for normal development. One is that the final pattern of the retinogeniculate projection may depend on the relative balance of inputs from the two eyes. A second is that the time course of segregation may be influenced by the time of arrival of the ipsilateral retinal afferents. Thus, input from the periphery may play an important role in determining the pattern of connectivity present at more central levels of the visual system.
